Introduction
When users are introduced to biological keys, questions relating to difficult or ambiguous characteristics may present problems to the non-expert who has little experience of identification. Experts overcome these problems by their knowledge and also may adopt a heuristic approach, where '... rules of good judgment..." (Harmon and King, 1985) are used when confronted with ambiguous or particularly difficult characteristics. Keys such as the Field Studies Council AIDGAP (,4ids to the /dentification in Difficult Groups of Animal and Plants) series are designed to enable beginners to identify organisms based on simple morphological or behavioural characteristics (Croft, 1986 1987; Friday, 1988) . These keys are based on a dichotomous approach, where mis-identification may occur if an error is made in a single couplet whilst keying out a specimen. The development of expert systems has provided an opportunity to develop computer-based identification systems which provide flexibility in the way users input information. Current systems include DELTA (Dallwitz and Paine, 1986) , INTKEY (Pankhurst, 1991) , SYSTEX (Woolley and Stone, 1987) , EXPERT KEY (Atkinson and Gammerman, 1987) and CABIKEY (White and Scott, 1994) , and have been used on a variety of applications; CABIKEY, for example, being used for a key to major beetle families (Booth et al., 1994; Pollock, 1996) . For more on the practical technology of expert systems, see Durkin (1994) .
In such computer-based keys, specimens are described using appropriate characteristics and once sufficient states have been assigned, the system supplies lists of species which correspond. Such an approach has advantages over the classical dichotomous approach, and includes the ability to report identification accuracy in probabilistic terms, multiple access, selection of the discriminating characteristics, and review of responses entered (Lebbe et al., 1989) .
Currently, keys may be divided into two broad categories: single-entry dichotomous or multiple-entry keys (Quicke, 1990) . The key described in this paper uses expert system technology, where the user is asked a series of questions and assesses the resultant answers using a fuzzy inference engine similar to that used in MYCIN (Buchanan and Shortliff, 1984) . Fuzzy logic can be defined as a 'multivalued logic which allows membership values along the continuum of values between true (1) and false (0)' (Kennedy and Spooner, 1994) . This contrasts with 'classical' logic which requires a 'true' or 'false' answer. Hence, the use of fuzzy logic means that vague, missing or erroneous answers may be considered when decision making (Zadeh, 1977 (Zadeh, , 1996 . For more information on fuzzy logic, see Jamshidi et al. (1993) . The system adopts a probabilistic approach to describe the likelihood of a specimen matching stored records; the similarities of new cases input by a user are compared to stored records by a percentage compatibility score. The system allows flexibility, using a dichotomous approach for simple characteristics whilst allowing users to respond with uncertainty (e.g. 'maybe' or 'don't know') where ambiguous or unknown characteristics are encountered. This approach has been used to develop and evaluate a key for 85 freshwater invertebrate taxa (almost all of which at family level) that are commonly used to monitor water quality [for an explanation of this technique, see Mason (1996) ]. The key is designed for users with no prior knowledge of invertebrate taxonomy.
System and methods

Expert shell
An expert shell, 'Matcher' (Lefley, 1995) , was used to author the key which has been used for a variety of applications, such as criminal profiling (Lefley and Austin 1996) . The shell operates in a Microsoft Windows environment and is implemented in Microsoft Visual Basic (version 3.0, 1987-1993) . This expert system builder uses questionnaire answers as the basis of its knowledge representation and allows systems to be built using a multi-media approach incorporating graphics and hypertext (Nelson, 1965) based information support. The questionnaire strategy allows a domain expert to enter new knowledge directly by simply answering the questions for a given conclusion. Knowledge acquisition is cited as a bottleneck in expert system development; Luger and Stubblefield (1992) propose that a major goal of expert systems is to allow the human expert to interact directly with the knowledge base.
The system was built by developing a set of questions that would allow the identification of freshwater invertebrates to family level. Questions were based on simple morphological and behavioural characteristics, adopting a similar philosophy to the AIDGAP series of keys.
The shell allows questions to be answered using three question formats: The system developer sets the response values which are chosen to reflect the importance of answers given. The system consists of a set of questions, although all questions are not necessarily relevant to all invertebrate families. In order that only directly relevant questions are triggered when the system is being operated, questions may be 'dependent' upon a previous question; they are only asked if a previous question is answered positively. The system functions by inference, each question and answer is used to initiate further questions and answers recursively until a conclusion is reached. The dependent question structure enables the system to perform simple forward chaining. In this system, the order of questions has been defined by the system developer. The shell also allows an alternative approach, where the question order is automatically chosen, based on how helpful the question would be to make an identification.
The relative importance of each question or individual answers may be weighted according to its importance. The default is 1, and if all questions have equal weightings they would contribute equally. However, if a characteristic is of particular importance, then that question may be assigned a higher weighting, which may take a value between -99 and +99.
There is no set strategy or rule base for setting either question weights or response values within questions, but these are assigned by the system builder according to their perception of the relative importance of characteristics. Typically, once the system is built, these values may be fine tuned to improve discrimination power gradually.
Testing the key
The performance of the key developed was compared to the well-developed and widely used AIDGAP 'Guide to Freshwater Invertebrates', which is a paper-based dichotomous key (Croft, 1986 ). The keys were tested by giving samples to 17 users with the task of identifying 10 specimens: five using the paper key and five using the expert system. Users were 'beginners', having little or no prior knowledge of freshwater invertebrate identification. The order of using the paper key or expert system was randomized to avoid bias in users gaining experience before trying the alternative key. Each user was given the same, brief, (1100) 100(1550) 90 (900) 0 (-1100) 74 (900) 90 (900) 76 (950) 100 (1100) 9 (-900) explanation on how to use the paper key and expert system prior to use, and asked to record their identification. Specimens were not the same for all users to ensure that a wide range of invertebrate families were tested. Families used represented major families or taxonomic groups likely to be encountered when undertaking freshwater invertebrate identification. The number of correct identifications to family level and order was recorded for each user for both approaches, and results compared using a paired Mest.
Algorithm
Although the system incorporates both first-order and fuzzy logic, the case-based decision system is based on a fuzzy distance measure. The system compares the answers given within a set of stored records (each record in this case corresponding to an invertebrate family) to answers for a new case defined by the answers supplied by the user. The system uses the algorithm to match the answers input for a new case to the set of answers stored for each record, and generates compatibility scores representing goodness of fit between a new case and each stored record.
The algorithm used to make matches is a summation of the product of answer values. This gives a measure of compatibility between the answers for a new case and the answers for the set of known records. The raw compatibility score (R c ) is calculated as a sum of the product of answer values, which measures a form of covariance with an assumed mean of zero, calculated as:
where Q w is question weight, v a is the value for the answer from the new case being considered, and v b is the value for the answer for a stored record. The system displays the compatibility scores, normalized to a scale of 0-100 using the standardized compatibility score (R s ):
where R max is the best score possible and R m i n is the minimum score possible for the record being matched. The maximum and minimum for the record are calculated using a best/worst answer scenario. Dependent questions that are not answered are not included in calculations and if either set of records has all answers the same, then they are not included in calculating the normalized match score. This helps to increase discrimination in systems with only a few relevant answers to each case. Table I gives a series of examples for matching 'new cases' to two 'records'. In a full system, each new case would be matched to all records and a compatibility score calculated. Hence, a given series of answers does not exclude any taxon from being assigned a compatibility score. A perfect match between a new case and a record would give the highest raw or standardized compatibility score, whilst less perfect matches would give values according to the distance between the responses for the new case and the record. When a complete chain of inference is completed, a match is made and the results are presented in a table of membership strengths for likely organisms in decreasing order. Defuzzification of these results is left to the user, the most likely candidate is the top item on the list, but other organisms with high match scores may also be considered. This 'winner takes all' strategy seems the most suitable defuzzification approach (as compared to, for example, a cut-off strategy) for this application, since the inference chains are fairly short. Automated explanation facilities allow the user to access a breakdown of the scores to the level of individual questions or answers for any record. The automated explanation facilities enable users to consider alternative solutions in detail.
Implementation
The expert shell was used to develop a key for freshwater invertebrate families included in the Biological Monitoring Working Party (BMWP) scoring scheme used widely as a basis for monitoring water quality in rivers in the UK. The system developed includes 85 invertebrate families. The key adopts the simple question style (analogous to a dichotomous approach) when separating major groups such as insects, crustaceans and molluscs. Multiple and multiple rate questions were used primarily for separating families with considerable similarity, e.g. insects of the order Trichoptera. Table II summarizes the design for one element of the key, namely members of the order Trichoptera which bear a hard case. The system was tested initially using known responses and the compatibility scores inspected. Weightings and response values were altered in an iterative process to give appropriate outcomes. Further empirical research to assess the effect of weighting and responses may bring finer discrimination by users. Table III illustrates final tables which the system displays listing records in compatibility score order for four scenarios. When the system was tested, users were able to identify significantly more specimens to family level using the expert system than the paper key (t = 2.87, P<0.05, d.f. = 16), correctly identifying, out of five, 2.2 ± 1.0 (mean ± 1 SE) using the computer-based expert system and 1.4 ±0.9 specimens using the paper key, respectively. However, there was no observable difference between users' ability to identify specimens to order (t -0.89, n.s., d.f. = 16), identifying 3.8 ± 1.1 specimens using the expert system and 3.5 ± 0.9 specimens using the paper key to the correct order, respectively. Users commented on a preference for using the computer-based system, and felt that the approach was more rapid.
Discussion
This approach combines elements of both a dichotomous approach and a computer-based expert system, using a probabilistic compatibility score to match new cases to stored records using a fuzzy inference engine to assess identification accuracy.
This expert system increased beginners' ability to identify correctly to family level, although it is difficult to attribute this improvement to a particular characteristic of the key. Wright et al. (1995) assessed the use of hypertext systems compared to an A1DGAP paper key in an attempt to improve the user interface to taxonomic keys. Information within the system remained substantially the same as in the paper version, and the study demonstrated that test subjects were more likely to obtain an identification with the hypertext version of the key. However, there were indications that misidentification using the hypertext key was more likely than with the paper key. The current study demonstrated that, using the approach described in this paper, an increased likelihood of correct identification to family level was obtained, suggesting that the benefits of this system were not purely due to the computer interface. The computer-based system did not illicit an improvement in the ability of users to identify to order, but did improve ability to identify to family level. This was probably due to the restricted number of major taxonomic groups and the similarity of approach adopted by both keys to this level (both, effectively, being dichotomous keys). Quicke (1990) stated that 'the role of the expert system is particularly relevant to identification by non-experts whose decisions may be more or less error prone' and this system supports this opinion. By adopting this approach, the interface may be 'forgiving'; the user may make some errors, be uncertain about some answers and not answer questions if unsure, but still have an opportunity to identify the specimen correctly (Table III) . The probabilistic approach gives a 'most likely' identification and the multi-media approach allows users to clarify their identification if the specimen closely matches more than one stored record. Edwards and Cooley (1993) argue that an expert system requires more than factual knowledge before expertise can be displayed and that this additional knowledge consists of heuristics or 'rules of thumb' when interpreting factual knowledge. When expert systems were reviewed, the authors concluded that many systems contain factual information without incorporating the heuristic elements. This approach offers users such flexibility in interpretation.
This approach provides a platform to develop teaching tools which allow users to develop their ability to identify organisms using a system which will allow some errors but still provides an opportunity for correct identification. It also facilitates teaching groups, where an experienced taxonomist may support the use of the system by helping individuals when problems occur, whilst others can continue to develop their skills. The system may also be set up in order to test users' ability at identification.
Fuzzy logic was used by Kennedy and Spooner (1994) to aid in the identification of Haemophilus species. Data from an identification table were used to construct fuzzy membership sets and the study concluded that fuzzy logic was able to handle biological variability, correct identification being achieved in all cases tested. Such systems could be used as an artificial intelligence decision maker for particularly ambiguous or difficult cases. Although the system described in this paper is designed primarily for non-experts, the work by Kennedy and Spooner (1994) illustrates firstly that such an approach may be useful for expert identification, assisting in the separation of particularly difficult specimens and, secondly, that the approach is applicable to a wide variety of organisms.
